Introduction {#sec1}
============

The invention of (bio)sensors represents a breakthrough for life sciences. The possibility of detecting specific bioanalytes rapidly and quantitatively has propelled the economic and scientific effort toward the design and production of functional biorecognition devices.^[@ref1]^ Owing to their well-developed miniaturized fabrication processes, high signal-to-noise ratio, and real-time response, electrochemical biosensors are currently the gold standard for daily-life applications such as food/environmental control and point-of-care devices for the detection of biologically relevant molecules such as glucose,^[@ref2]^ phenol,^[@ref3]^ and drugs (*e.g*., doxorubicin/gentamicin,^[@ref4]^ tobramycin^[@ref5]^).

At the same time, the progress in genetics and genomics has led to the insight that biomolecules, such as proteins and DNA/RNA variants, can act as biomarkers providing valuable information for early diagnosis and monitoring of several types of tumors and genetic diseases.^[@ref6]−[@ref8]^ Due to the small sample volume needed for analysis, the possibility of working with body fluids, and the relatively high sensitivity,^[@ref9]^ electrochemical DNA biosensors have gained popularity as clinical assay devices for diseases that can be detected by DNA biomarkers,^[@ref10],[@ref11]^ such as Crohn's disease, multiple sclerosis, cystic fibrosis, and cancer.^[@ref12]−[@ref14]^ Nevertheless, the low concentration of DNA biomarkers (up to 10^4^ units/mL of plasma/serum)^[@ref15],[@ref16]^ has fueled the development of signal amplification methods to achieve highly sensitive electrochemical detection.^[@ref17]^ Strategies have been reported based on enzyme amplification,^[@ref18]−[@ref20]^ postmodification polymerization of conductive materials,^[@ref21],[@ref22]^ as well as the use of electroactive reporter probes.^[@ref23]−[@ref25]^

For surface-confined electrochemical DNA biosensors, the intrinsic sensitivity depends strongly on the surface architecture, which affects the display of probes at the interface together with the probe density (which have been defined as crucial parameters in DNA detection),^[@ref26]−[@ref28]^ and the electrochemically active surface area of the biosensor.^[@ref5],[@ref29],[@ref30]^ The use of three-dimensional (3D) structures such as polymer brushes,^[@ref31]^ hydrogels,^[@ref32]^ nanodisks,^[@ref33]^ gold nanoparticles,^[@ref34]^ nanoporous gold,^[@ref35]^ and nanotextured microelectrodes^[@ref36]^ has significantly improved the electrochemical device performance and, consequently, the detection limit of target DNA analytes compared to flat substrates. Similarly, conductive micro- and nanopillar-structured substrates have been reported (though not applied in DNA sensing) to provide a higher surface area than planar electrodes.^[@ref37]−[@ref40]^

Schröper *et al*. have demonstrated that the electroactive surface area for nanopillar-based devices is often lower than predicted due to the strong dependence on the diffusivity of the electroactive species compared to a flat substrate.^[@ref41]^ On the other hand, microelectrodes and micropillar-structured substrates can steadily generate a higher signal,^[@ref42],[@ref43]^ thus representing an alternative for improving the sensitivity of the electrochemical biosensor. The groups of Compton and del Campo showed with simulations the positive effect of reducing the center-to-center separation (pitch) of gold-coated micropillars and increasing their aspect ratio on the electrochemical performance in a cyclic voltammetry (CV) setup in the case of electroactive species in solution.^[@ref44],[@ref45]^ An experimental demonstration showed a maximal signal enhancement for the peak current density of 1.6 and 6.2 times with respect to the projected surface area, using two different pillar geometries. In addition, del Campo *et al*. showed the importance of achieving full wetting of the gold-coated micropillar-structured substrates to achieve full penetration of the pillar array by the solution and thus an optimal electrochemical sensitivity of the device.^[@ref44]^

Poly-[l]{.smallcaps}-lysine (PLL) polymers grafted with poly(ethylene glycol) (PEG) units (PLL-PEG) have been shown to increase the lubrication properties of both hydrophobic (poly(dimethylsiloxane), PDMS) and metal oxide substrates, due to the hydrophilic nature of the PEG chains and the high content of trapped water.^[@ref46]−[@ref48]^ In addition, modified PLL has been used to functionalize surfaces allowing fast and orthogonal biomolecule immobilization and to provide good antifouling properties.^[@ref49],[@ref50]^ In particular, PLL grafted with oligo(ethylene glycol) (OEG) and maleimide (Mal) moieties has been exploited by us to control the probe density of both engineered peptide nucleic acid (PNA) and DNA probes for DNA recognition.^[@ref27]^

Here, we report the design and use of gold-coated, micropillar-structured electrodes, with control over the micropillar pitch to increase the sensitivity, and modified with functionalized PLL to anchor the probes for electrochemical DNA detection. The positively charged PLL, grafted with OEG and dibenzocyclooctyne (DBCO) groups (PLL-OEG-DBCO),^[@ref51]^ was self-assembled on the electrode surface to form a hydrophilic, orthogonally biofunctionalizable layer. An azido-PNA probe with a complementary sequence capable of detecting the *KRAS* gene^[@ref16]^ was used to illustrate potential applications for tumor DNA detection. The choice of PNA as a probe for DNA detection was driven by the higher affinity and selectivity for complementary DNA (cDNA) compared to DNA probes^[@ref52]^ and their resistance to enzymes present in biological fluids.^[@ref53]^ In addition, the combination of modified PLL anchored with PNA probes has been proven to provide high hybridization efficiencies at elevated surface probe densities by the suppression of electrostatic repulsion occurring in DNA-probe devices.^[@ref27]^ The electrochemical detection of cDNA by a sandwich assay was performed using a reporter probe DNA, complementary to the free 5′-end of the target cDNA, bearing an electroactive ferrocene moiety (rDNA-Fc). The signal generated by CV was evaluated as a function of the micropillar pitch, to establish the relationship between the signal gain and the increased surface area, thus providing an insight into the potential of the sensitivity gain reached by electrode microstructuring.

Results and Discussion {#sec2}
======================

Micropillar-Based Electrode Design and Probe Functionalization {#sec2.1}
--------------------------------------------------------------

To investigate the sensitivity gain in electrochemical biosensors with higher surface areas created by 3D microstructuring, we employed flat (control) and micropillar-structured, Au-coated Si substrates with four different pitches (19, 14, 10, and 8 μm). These were used in combination with a proof-of-principle, sandwich assay-mediated recognition of the complementary DNA (cDNA, the model analyte) and rDNA-Fc to assess the electrochemical performance. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows the schematic overview of the micropillar biorecognition interface to detect DNA. Smaller pitches result in a larger density of pillars and concomitantly higher electroactive surface area available for subsequent functionalization and DNA binding. Consequently, more modified PLL is adsorbed, and a higher density of DBCO moieties per projected electrode area is displayed on the surface. The probe density on the electrode surface is set by the grafting density of DBCO groups attached to the PLL,^[@ref27],[@ref51]^ upon reacting the PNA-azide molecules to the DBCO groups by the strain-promoted azide--alkyne cycloaddition (SPAAC) click reaction ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,c, and [S1--S3](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)).^[@ref54]^ The target cDNA (43 nt) and the reporter rDNA-Fc (23 nt) molecules ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)) are consecutively hybridized to the surface. Such a sandwich-like assay avoids the necessity of DNA postmodification for introducing the ferrocene redox moiety after the successful dual-hybridization event.^[@ref55]^ The main objective of this work was to observe the relationship between the response obtained from the electroactive rDNA-Fc specifically anchored at the interface and the surface area (enhanced by reducing the pillar pitch), thus demonstrating the signal amplification by micropillar-based electrodes in CV experiments.

![(a) Schematic representation illustrating the concept of increased electrochemical surface area by reducing the pitch of the electrode design to gain electrochemical sensitivity. (b) Overview of the chemical steps occurring at the PLL-OEG-DBCO-modified, gold-coated electrode interface, showing the sequential deposition of: the N~3~-PNA probe, cDNA, and rDNA-Fc. (c) Chemical structure of the PLL-OEG-DBCO used, together with the SPAAC reaction scheme between DBCO and azido-PNA (structures, sequences, and characterization of the PNA and DNA molecules are shown in [Figures S1--S3 and Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)).](la0c00144_0001){#fig1}

Silicon substrates with hexagonal micropillar arrays with a height of 36.7 μm and a diameter of 4.0 μm were fabricated by photolithography and deep reactive-ion etching (DRIE) according to the procedure reported by Elbersen *et al*.^[@ref56]^ ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the micropillar array with a pitch of 8 μm, characterized by high-resolution scanning electron microscopy (HR-SEM; top view shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)). The final electrode architecture was formed by sputtering a thin layer (∼200 nm) of gold on top of the substrate. Due to the sputter direction normal to the surface, the gold layer was thinner (∼50 nm on average) at the sides of the pillars. Nevertheless, a conformal and fully conductive layer was achieved ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b).

![HR-SEM images showing: (a) a tilted cross section of an 8 μm pitch micropillar-structured silicon substrate, with pillar height and diameter of 36.7 and 4 μm, respectively; (b) zoom-in image of a cross-sectioned Si micropillar (taken at approximately halfway the pillar) showing the conformal gold coating (bright) inside the scallops.](la0c00144_0002){#fig2}

The PLL polymer (15--30 kDa) grafted with OEG and DBCO functionalities ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) was synthesized adapting a previously reported procedure.^[@ref27],[@ref51]^ The OEG and DBCO groups were covalently grafted to the PLL side chains in a one-step synthesis by *N*-hydroxysuccinimide (NHS) ester coupling (see [Experimental Section](#sec4){ref-type="other"}). The mole fractions of appended groups in PLL-OEG-DBCO were determined by ^1^H NMR, which yielded percentages of 27.6 for the OEG and 3.0 for the DBCO moieties ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)). The total grafting density of functionalized lysine side chains was kept below 35--40% to ensure strong adsorption to the surface.^[@ref57],[@ref58]^ The azido-PNA probe was synthesized as previously reported.^[@ref59]^

As a proof of concept, the surface functionalization processes of modified-PLL deposition, azido-PNA immobilization, and consecutive cDNA and rDNA-Fc hybridization steps were followed on a flat substrate by quartz crystal microbalance with dissipation (QCM-D) monitoring ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Upon mounting a UV--ozone-activated gold chip in the QCM chamber, both the PLL-OEG-DBCO adsorption and azido-PNA steps showed a decrease of the resonance frequency (blue line, fifth overtone), which remained stable after washing with phosphate-buffered saline (PBS) (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Consecutive injections of cDNA (43 nt) and rDNA-Fc (23 nt) solutions produced frequency shifts (Δ*f*) of ∼16 and ∼12 Hz (average of two measures), respectively, demonstrating the recognition ability of the DNA-bioresponsive interface and the feasibility of the sandwich assay. These frequency shifts correspond, using the Sauerbrey equation,^[@ref60]^ to cDNA and rDNA-Fc densities of 2.5 × 10^12^ and 3.4 × 10^12^ molecules/cm^2^, assuming that 80% of the mass is due to adsorbed water.^[@ref61]^ The length difference between the DNA molecules and their hybridization can cause hydration changes and consequently an overestimation of the hybridization efficiency. By taking into account the different numbers of nucleotides between cDNA and rDNA-Fc, the hybridization efficiency was approximately 140% (not corrected for differences in hydration, as well as the mass and hydration of the Fc moiety), which is within the error for QCM monitoring, as already reported by the Knoll and Höök groups.^[@ref62],[@ref63]^

![QCM-D time traces of: (a) the stepwise adsorption process comprising PLL-OEG-DBCO deposition, anchoring of azido-PNA, and the detection of the cDNA and rDNA-Fc; (b) control using ncDNA instead of cDNA; (c) control without cDNA; (d) control without azido-PNA. In all experiments, the concentrations were 0.5 mg/mL for the modified-PLL solutions and 0.5 μM for the azido-PNA, cDNA, rDNA-Fc, and ncDNA solutions. PBS (pH 7.4) washing steps (gray bars) were performed before and after every adsorption step. The fifth overtone was used for both Δ*f* and Δ*D*.](la0c00144_0003){#fig3}

The selectivity of the PNA-modified surface was investigated by controls, using a noncomplementary DNA sequence (ncDNA, 43 nt; [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) and by leaving out either the cDNA ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) or the PNA probe anchoring steps ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d) in the sandwich assay. All controls showed a near or full absence of signal for the DNA and/or rDNA-Fc steps, after the rinsing step. Noteworthy, despite a Δ*f* of approximately 2 Hz for the ncDNA ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) and 0.5 Hz for the cDNA (in the absence of the azido-PNA step, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d, corresponding to a 3.1% of the total cDNA binding in the detection in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), fouling was largely absent. In conclusion, a selective response of rDNA-Fc was obtained only in the case of PNA probe anchoring and the double hybridization sequence in the sandwich assay.

In addition, to demonstrate a good wettability of the micropillar-structured substrates by means of modified PLL, contact angle goniometry was performed on three model substrates, two with a micropillar array having pitches of 19 and 8 μm and a flat substrate. The low values reported in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf) indicate good wetting, in agreement with the presence of the adsorbed PLL-OEG-DBCO and the increased hydrophilicity in the micropillar area even after 24 h. Overall, these results indicate the feasibility of probe anchoring and the performance of the sandwich assay in a micropillar array without wetting problems.

Performance of Micropillar Electrodes in Electrochemical DNA Detection {#sec2.2}
----------------------------------------------------------------------

The micropillar-structured electrodes used in this work consist of two parts, namely, the pillared section, where the micropillars are positioned, and a flat area surrounding the pillar array, as schematically displayed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The projected areas of the flat and pillared sections (PA~f~ and PA~p~) are 0.19 and 0.25 cm^2^, respectively (thus, the total projected surface area PA~tot~ = 0.44 cm^2^). Upon the introduction of the micropillars in the electrode design, a theoretical surface area enhancement factor (*SE*) (= *A*~tot~*/*PA~tot~, where *A*~tot~ is the total geometric electrode area) is defined. When taking into account only the micropillared section of the electrode, the geometric surface area of that section (*A*~p~) is expected to increase with a factor 1 + 2/3·√3·π·*d*~p~·*h*~p~/*p*^2^ (*i.e*., the theoretical surface enhancement factor for the pillared section, SE~p~; see [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)), where *d*~p~ is the pillar diameter, *h*~p~ is the pillar height, and *p* is the pitch of the hexagonal micropillar array (see the [Electrochemical Analysis](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf) section in the SI and [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)).

![Schematic top-view representation of the whole projected micropillar-structured electrode area (PA~tot~ = 0.44 cm^2^), showing the micropillar (pillared section, PA~p~ = 0.25 cm^2^) and the surrounding flat (flat section, PA~f~ = 0.19 cm^2^) area.](la0c00144_0004){#fig4}

The increase of the surface area by the micropillars was experimentally assessed using CV. The electrochemically active area of two gold-coated micropillar-structured substrates (19 and 8 μm pitch) and of a flat sample was determined using a 0.1 M solution of H~2~SO~4~.^[@ref41]^ Qualitatively, the areas of both the oxidation and reduction peaks were significantly higher for the micropillar-structured substrates compared to the flat one ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)). By integrating the reduction peaks, the total electroactive surface areas (*A*~tot,exp~) were 0.57 cm^2^ for the flat electrode and 1.26 and 3.68 cm^2^ for the micropillar-structured ones (with pitches of 19 and 8 μm, respectively, [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)). For the flat sample, the observed area is 1.29 times higher than the geometric area, which is attributed to substrate roughness introduced by the gold sputtering process. For the pillared samples, however, the experimental areas were approximately a factor 1.5 higher than the expected geometric surface areas. This higher increase for the pillared samples is attributed to the combined roughness effects caused by scallop formation, the roughness of the Si surface (both introduced by the DRIE etching process), and the Au sputtering process. For this reason, two different roughness factors were defined, one for the flat section (*s*~f~ = 1.29, [Electrochemical Analysis](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf) in the SI) and one for the pillared section (*s*~p~ = 1.48; see [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)). The *A*~tot,exp~ values were found to be in good agreement with the geometric surface area calculations after including the roughness factors, with a maximum error \<8%. The experimental surface enhancement factors for the total area (flat + pillared sections) were then calculated by the ratio of the experimental surface area of a micropillared electrode and that of the flat one, amounting to 2.21 and 6.46 for the 19 and 8 μm pitch, respectively. When viewing the area increase effect of the pillared section only, surface enhancement factors of 3.14 and 10.6 were found, showing a clear contribution of the pillars and a decreasing pitch on the expected electrochemical signal amplification (see [Electrochemical Analysis](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf) in the SI).

The relationship between the electrode surface area and the DNA sensitivity was quantified by CV experiments using the DNA sandwich detection scheme ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). Micropillar-structured electrodes with pitches of 19, 14, 10, and 8 μm and a flat substrate, preincubated with PLL-OEG-DBCO and azido-PNA probe solutions, were covered with a cDNA solution followed by rDNA-Fc deposition to perform the CV measurements after the sandwich assay hybridization ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)). The dependence of the total charge involved in the redox process (*Q*) due to the surface-anchored electroactive Fc moiety, which is related to the peak area in the CV, was evaluated as a function of the scan rate, and the results are presented in [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf). The constant values of *Q vs* scan rate indicate that the electron transfer processes occurred at the interface as expected for surface-confined species. Control experiments performed by exploiting ncDNA ([Figure S12a](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)) or by omitting one step of the sandwich assay (azido-PNA anchoring or cDNA hybridization, [Figure S12b,c](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)) showed the absence of physisorbed electroactive material, which is attributed to the retained antifouling properties of the self-assembled modified PLL at the electrode interface, and thus confirms the specificity of the sandwich assay.

The DNA sensitivity enhancement was assessed by evaluating the dependence of *Q* (from [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)) on the pitch *p* of the micropillar-structured electrodes. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows a linear increase of *Qvs* 1/*p*^2^, confirming the effect of the pillar architecture on the detected signal. In this graph, the intercept with the *y*-axis indicates the flat sample. The linearity of the fit demonstrates not only the absence of diffusion effects but also the uniformity of the detected rDNA-Fc and cDNA. Consequently, assuming both hybridization steps to be 100% efficient, the surface coverage Γ could be derived from the slope (see the Electrochemical Analysis section in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf)), providing a value of (9.0 ± 0.2) × 10^--12^ mol/cm^2^ or (5.4 ± 0.1) × 10^12^ rDNA-Fc moieties/cm^2^, which matches well the results obtained from QCM as described above. When using the semiempirical method described in our recent publication,^[@ref27]^ using PLL-appended maleimide reactive groups to bind PNA probes applied to a flat substrate, a density of 3.7 × 10^12^ molecules/cm^2^ was expected, which compares well with the value observed here. Thus, these results validate the modified-PLL approach to control the density of probe molecules at both flat and micropillar-structured substrates.

![Dependence of the total charge *Q* involved in the surface-confined redox process of the Fc-covered electrodes (0.1 M NaClO~4~ electrolyte) resulting from the sandwich assay, as a function of 1/*p*^2^ (where *p* is the pitch). Datapoints correspond to the average values of *Q* for the flat and 19, 14, 10, and 8 μm pitch samples, derived from the experiments shown in [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf). The concentrations of the species used for the DNA binding scheme were 1.0 mg/mL for modified PLL, 0.5 μM for azido-PNA, cDNA, and rDNA-Fc in PBS (pH 7.4). The equation of the linear fitting is *y* = 117.10 × (±3.80) + 0.25 (±0.04).](la0c00144_0005){#fig5}

A comparison of the two extremes in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, corresponding to the flat and the 8 μm pitch micropillar-structured substrates, shows that the signal enhancement due to the occurrence of the pillar array was approximately a factor of 7.0. The reported value agrees with the experimental surface enhancement factors found by the sulfuric acid measurements, confirming that the increase of the electroactive surface area is the key factor in improving the performance of surface-based electrochemical DNA sensors. When comparing only the pillared section of the micropillar array sample to the flat sample, an enhancement factor of 10.6 was deduced. Overall, these data confirm that the 3D electrode interface design, in correlation with the probe density control, can rationally define the gain in sensitivity for electrochemical DNA detection, showing how the combinations of substrate and biosensing layer can determine the outcome of the recognition device.

Conclusions {#sec3}
===========

In summary, we have presented the potential gain in sensitivity for the electrochemical DNA detection by the application of azido-PNA probes clicked to a PLL-OEG-DBCO adhesion layer adsorbed on micropillar-structured substrates at various pitches. Compared to flat substrates, the densely structured micropillar arrays allowed up to 1 order of magnitude larger electrochemical active surface areas that can accommodate comparatively more PNA probes and consequently more target DNA to be detected by the final sandwich assay. The total amount of redox charges from the hybridized reporter rDNA-Fc probe scaled linearly with the electrochemically active surface area, defined by the pitch, indicating the surface-confined electron transfer and similar probe densities between substrates. Overall, this proof-of-concept micropillar-structured electrode design, combined with the surface functionalization approach of modified PLL, increased the total sensitivity by more than 1 order of magnitude.

Micropillar-structured electrodes improve the electrochemical detection of, among others, DNA molecules in buffer and clinical samples exploiting the third dimension by enhancing the detection area and, thus, the sensitivity. The proposed design gives room for further customizing the physical (substrate) and chemical (adhesion layer) characteristics of the biorecognition surface. Consequently, the geometrical parameters and the probe density can be varied to maximize the sensitivity. By eliminating the flat section of the current electrode, a fully covered micropillar electrode might further improve the amplification factor. Moreover, different etching recipes could produce taller pillars. As an example, the hypothetical use of 125 μm long pillars, as exploited by del Campo, together with halving both the pitch and pillar diameter, would have generated a 70 times higher electrochemical signal compared to a flat substrate. Other contributions can be obtained from the surface roughness and the probe density, by enhancement of the grafting density of appended groups at the PLL, which could result in a final signal enhancement factor of 2--3 orders of magnitude. The occurrence of diffusion limitations, as well as electrostatic and steric repulsion of the incoming DNA, needs to be investigated. However, these effects might be reduced by integrating such 3D architectures in microfluidic devices. All in all, the advantages of probing more sensing surface, the possible extension to other detection systems, together with the orthogonal control of the biorecognition interface at the molecular level, define the potential directions for producing label-free signal amplification at electrochemical, optical, and gravimetric biosensing devices.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

Poly-[l]{.smallcaps}-lysine hydrobromide (MW = 15--30 kDa by viscosity), NaClO~4~, deuterated water, and tablets for a 10 mM PBS solution (pH 7.4) were obtained from Sigma-Aldrich. H~2~SO~4~ (95%) was purchased from VWR Chemical, and HCl was obtained from SelectiPur. Methyl-OEG~4~-NHS ester was obtained from Thermo Fisher Scientific, while DBCO-OEG~4~-NHS was obtained from Click Chemistry Tools. The membrane for dialysis (Spectra/Por; 6--8 kDa cutoff; diameter, 6.4 mm) was purchased from Spectrum Labs, Greece. cDNA (complementary to *KRAS* sequence: 43 nt, 5′-ATG ACTGAATATAAACTTGTGGTAGTTGGAGCTGGTGGCGTAG-3′) and ncDNA (42 nt, 5′-CTACGCCACCTCAACCTA CGCCACCTCCACCTACGCCACCTC-3′) were purchased from Eurofins Genomics and used as received. The ferrocene-labeled DNA (23 nt; MW, 7487 g/mol; 5′-ACCACAAGTTTATATTCAGTCAT-Fc-3′) was acquired from Biomers.net GmbH. Gold QCM chips (with a fundamental frequency of 5 MHz) were purchased from Biolin Scientific. Silicon p^++^ wafers (⟨100⟩-oriented, one-side polished, 525 ± 25 μm substrate thickness, 0.01--0.025 Ω cm resistivity) were obtained from Okmetic Finland, while the positive Olin 907-17 photoresist was obtained from Arch Chemicals. The PNA probe was synthesized using a previously described procedure.^[@ref59]^

Synthesis and Quantification of PLL-OEG-DBCO-Grafted Percentages {#sec4.2}
----------------------------------------------------------------

The synthesis of PLL-OEG-DBCO and the quantification of the mole fractions of OEG and DBCO grafted to the PLL backbone were performed using previously reported procedures.^[@ref27],[@ref51],[@ref57]^ Briefly, 10 mg/mL of PLL HBr was dissolved in PBS 7.4, and stoichiometric amounts of methyl-OEG~4~-NHS and DBCO-OEG~4~-NHS (both dissolved in DMSO at a concentration of 250 mM) were added under vigorous stirring. After 4 h, the solution was dialyzed with a dialysis membrane (molecular cutoff, 6--8 kDa) against decreasing concentrations of PBS in Milli-Q water, until a full 24 h cycle in Milli-Q water. The final solution was freeze-dried overnight. The obtained product was analyzed by NMR and stored at −20 °C in Milli-Q water. The quantification of the mole fractions is reported in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf).

^1^H NMR of PLL-OEG-DBCO (400 MHz D2O) δ \[ppm\] = 1.26--1.56 (lysine γ-CH~2~), 1.61--1.82 (lysine β, δ-CH~2~), 2.48 (ethylene glycol CH~2~ from both OEG and DBCO coupled, −CH~2~--C(=O)--NH), 2.96 (free lysine, H~2~N--CH~2~), 3.14 (ethylene glycol CH~2~ of coupled lysine from both OEG and DBCO, C(=O)--NH--CH~2~−), 3.35 (OEG methoxy, −O--CH~3~), 3.59--3.77 (ethylene glycol from both OEG and DBCO, CH~2~--O−), 4.27 (lysine backbone, NH--CH--C(O)−), 7.22--7.69 (DBCO from coupled DBCO, CArH).

Micropillar-Structured Substrate Fabrication {#sec4.3}
--------------------------------------------

Micropillar-structured electrodes were fabricated according to a reported procedure.^[@ref56]^ In summary, a positive photoresist (Olin 907-17) was deposited on a p^++^ silicon substrate followed by photolithography to create a circular patterned photoresist (5 × 5 mm^2^) with spacing between the circles varying between 8 and 19 μm ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf) step A). Micropillar-structured substrates were formed via DRIE (SPTS Pegasus, etching rate of ∼ 10 μm/min, 20 °C) until the desired micropillar height was achieved ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf) step B). The created substrates were then cleaned in O~2~/CF~4~ plasma (Tepla 360) for 30 min and in a solution of HCl, H~2~O~2~, and H~2~O (1:1:5 ratio, 70 °C) for 15 min to strip the fluorocarbon residues and photoresist from the substrates. Prior to gold sputtering, the silicon-modified substrates were cleaned for 10 min in HNO~3~ and 30 s in HF to remove the silicon dioxide layer. Immediately after the HF step, a gold layer was sputtered (TCOathy) conformally over the entire substrate at 10^--2^ mbar and 50 W for 1800 s ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf) step C).

Quartz Crystal Microbalance (QCM) {#sec4.4}
---------------------------------

Gold-coated (50 nm, QSX301) QCM-D chips from LOT-Quantum were cleaned for 5 min in a basic piranha solution (H~2~O/NH~4~OH/H~2~O~2~ in ratio 5:1:1) at 70 °C for 5 min and then washed extensively with Milli-Q water and EtOH. After drying under nitrogen flow and oxidized with UV--ozone (BioForce chamber, Nanosciences) for 15 min, the chips were mounted in the chambers and a flow rate of 80 μL/min was used for all of the steps. QCM-D measurements were performed using a Q-Sense E4 4-channel quartz crystal microbalance with a peristaltic pump (Biolin Scientific), monitoring the fifth fundamental overtone. All experiments were performed in a PBS solution (10 mM, pH 7.4) at 22 °C. The Δ*f*'s for cDNA and rDNA-Fc are averaged from two measurements.

Scanning Electron Microscopy {#sec4.5}
----------------------------

Micropillar-structured substrates were visualized using HR-SEM (FEI Sirion HR-SEM) at an acceleration voltage of 10 kV. The cross-sectional image was taken after cutting the micropillar-structured electrode with a diamond cut pen and sonication in ethanol for 30 min.

Cyclic Voltammetry Experiments {#sec4.6}
------------------------------

Gold-coated CV chips (flat and micropillar-structured substrates) were cleaned for 30 s in a piranha solution, washed extensively with water and EtOH, and dried with nitrogen. The experiments for the determination of the active surface area were performed using a 0.1 M H~2~SO~4~ solution as the electrolyte, at a scan rate of 100 mV/s.^[@ref41]^ The reduction peak area was used to determine the active electrochemical surface area via the theoretical charge density value of 448 μC/cm^2^ for gold surfaces.^[@ref41]^ The theoretical surface area of the substrate used as the working electrode is 0.44 cm^2^ due to the O-ring, which used to have a conformal contact between the electrochemical cell and the substrate.

In the case of the electrochemical DNA detection by sandwich assay for both flat and micropillar-structured substrates, the gold chips were immersed in a solution consisting of PLL-OEG(27.6)-DBCO(3.0) (1 mg/mL, PBS pH 7.4) for 60 min, after activation by UV--ozone for 15 min. Then, PBS (pH 7.4) solutions containing azide-PNA (0.5 μM), cDNA (0.5 μM), and rDNA (0.5 μM) were consecutively deposited on top of the functionalized PLL-OEG-DBCO substrate for 4 and 1 h for each step of hybridization, under gentle shaking. After each deposition, a rinsing step with Milli-Q water followed by a drying step with N~2~ was performed. Alternatively, a solution of ncDNA (0.5 μM in PBS 7.4, for 1 h) was used for the selectivity experiment. All of the CV experiments were performed varying the scan rate between 10 and 200 mV/s in fresh 0.1 M NaClO~4~ as the electrolyte (degassed for 5 min).

Electrochemical measurements were performed in a three-electrode setup (custom-built glass electrochemical cell) with a platinum disk as the counter electrode, a red rod reference electrode (Ag/AgCl, saturated KCl solution, Radiometer Analytical), and the gold substrate as the working electrode (theoretical surface area of 0.44 cm^2^). Data analysis was done using CHI760D software (CH Instruments, Inc. Austin) and the methodology reported in the [Electrochemical Analysis](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf) section in the SI. The CV experiments were repeated twice.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00144](https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00144?goto=supporting-info).Chemical structures of the PNA and DNA linkers; ^1^H NMR spectra of PLL-OEG-DBCO; contact angle goniometry values; illustration of the geometrical micropillar electrode formation and theoretical model based on its geometry; CV data acquisition, selectivity experiments, and data treatment; and surface probe density calculation ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00144/suppl_file/la0c00144_si_001.pdf))
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